Purpose The aims: (1) to investigate the role of the in situ weathering of bedrock in providing substrate for soil formation; (2) to evaluate the aeolian contribution to the mountainous soils in the vicinity of thick loess cover; and (3) to determine the influence of aeolian silt on further soil development. Materials and methods The sampled sites were arranged along the slope toposequence, where an aeolian/silt admixture possibly occurred. Each soil catena started at the top of a hill and ended at its foot. Such an arrangement of the soil profiles ensured the tracking of loess thickness variations and detection of the depth of the residuum-derived materials. One reference soil profile, consisting of aeolian silt deposits, was made. The following soil properties were determined: pH, organic carbon content, soil texture, exchangeable acidity, exchangeable ions and geochemistry. In addition, thin sections were prepared from rock samples to confirm the type of bedrock present. Results and discussion The soils in the studied area were classified as Cambisols, Luvisols and Stagnosols, characterised by silt loam texture and a high content of elements indicating an aeolian silt contribution-Hf (7.4 to 14.8 ppm) and Zr (274.4 to 549.0 ppm). These values differ strongly from the residues typical of weathered quartzite, greywacke or catalasite substrates, which generally have low concentrations of Hf and Zr (0.7 to 7.0 ppm and 26.0 to 263 ppm, respectively). Based on the morphological, textural and geochemical data of the studied soils, three layers were distinguished, which show different inputs of aeolian silt: (1) an aeolian silt mantle; (2) a mixed zone in which loess was incorporated into the local material; and (3) a basal zone, free of the influence of aeolian silt. Based on the obtained results, a hypothetical pathway for soil formation in mountainous areas, influenced by aeolian silt admixing, was proposed. Conclusions Our study demonstrates that the soils developed in the Opawskie Mountains are characterised by an aeolian silt influence. This differentiates them from weakly developed soils, which comprise materials formed during in situ weathering only. Materials originating from bedrock weathering did not play an independent role as the parent material for the studied pedons. Aeolian silt was admixed with already existing autochthonous substrates, or completely replaced them. This influence on the soil formation resulted in the occurrence of Luvisols, Stagnosols and Cambisols. Such soils cannot be formed from the weathering of quartzites and greywackes, which contribute to a less structure-forming medium.
Introduction
Parent material directly influences soil-forming processes (Jenny 1941; Dokuchaev 1967; Mason et al. 2016; Rodrigo-Comino et al. 2018 ) because, via weathering, it slowly disintegrates, delivering a coarse or finer grained substrate for further alteration processes. The weathering of bedrock has long been considered to be the only, and most crucial, source of material for soil formation in mountainous environments (Romashkevich 1979; Wang et al. 1997; Hahm et al. 2014; Lin and Feng 2015; Kroyan 2017; Mazurek et al. 2018) . However, in recent years, attention has been paid to the impact of aeolian silt on mountainous soils, and there is an awareness of the fact that aeolian silts have often been covered by/ involved in slope deposits (Kufmann 2003; Schaetzl and Luehmann 2013; Feng et al. 2014; Martignier et al. 2015; Pasquini et al. 2017; Gild et al. 2018; Waroszewski et al. 2018a Waroszewski et al. , b, 2019 . An aeolian silt contribution to a soil may occur during pedogenesis; therefore, it can enhance or weaken the soil-forming processes, or provide the initial parent material for soil formation. An aeolian silt admixture into a soil can appear in different forms. In some cases, loess/aeolian silt can be deposited as thick aeolian drapes (Gild et al. 2018) or mantles of variable thickness (Waroszewski et al. 2018a) , and become mixed with autochthonous materials (Waroszewski et al. 2019) or occur as an aeolian 'contaminant agent', which would be hard to identify without using geochemical proxies (Yaalon and Ganor 1973; Muhs 2013; Kowalska et al. 2019; Waroszewski et al. 2019) . Although the areas where aeolian silt has contributed to soil formation are widely distributed, the distinction of aeolian-derived materials is still problematic, and the process of pedogenesis supported by loess addition is not fully understood and has not been adequately described.
To date, whilst deep loess deposits have been examined in detail, from both the morphological and chronostratigraphical points of view (Jary 1999 (Jary , 2007 (Jary , 2009 Sprafke et al. 2014; Markovic et al. 2018) , thin, pedoturbated loess deposits have still not been widely investigated and require more attention (Schaetzl et al. 2018 ). This knowledge gap exists especially at the edges of loess patches, where the distribution of aeolian silt, and the nature of its incorporation into other substrates (regoliths, saprolites, soils), is still unclear (Karathanasis and Macneal 1994) . In some cases, thin, surficial loess mantles overlie coarser materials, and a coarser-textured mixed layer is often developed (Schaetzl and Luehmann 2013) , which blurs the primary silt loam texture and, due to pedoturbation and mixing processes, results in a loam texture (Schaetzl and Luehmann 2013; Waroszewski et al. 2018a) . This causes problems with the evaluation of the initial thickness of loess deposits, and/or the initial particle size distribution of the material upon which the loess was deposited (Schaetzl and Luehmann 2013) . In other cases, the in situ bedrock (basal periglacial zone) is clearly separated from the allochthonous material, or is gradually separated by an intermediate layer/ mixed zone (Semmel and Terhorst 2010; Waroszewski et al. 2018a ) that transfers into the loess mantle.
To verify the presence of aeolian silt in soils and its impact on their formation, several approaches have been proposed, including Kufmann (2003) in her research on the Northern Calcareous Alps, and Gild et al. (2018) , who used mineralogical (X-ray diffraction, heavy minerals) and pedological (grain size, soil chemistry) data to determine the origin of the materials from which the soil was formed (in situ weathering or aeolian silt). However, Waroszewski et al. (2019) proposed morphological, textural, mineralogical and geochemical proxies to investigate the scale of the inheritance of the signatures typical of loess-derived and in situ-derived substrates in soils that have both components present as parent material due to past periglacial processes (slope and loess deposition).
Therefore, in this study, we attempted to use grain size composition and geochemical proxies to confirm a hypothesis: the in situ weathering of local rocks is not the only source of material for soil development in the territory of the Opawskie Mountains (SW Poland), where the whole region is covered by a large loess body (Głubczyce Upland). Whilst in a previous study of this area, only a local origin for the soil substrates was considered (Szlachta 2006) , and we propose a wider view of the admixture of the allochthonous material, such as aeolian silt. Thus, the aims of this study were as follows: (1) to investigate the role of the in situ weathering of the bedrock in providing substrate for soil formation; (2) to evaluate aeolian contributions to the mountainous soils in the vicinity of thick loess covers; and (3) to determine the influence of aeolian silt on further soil development.
Study area
The research was carried out in the Opawskie Mountains, located in SW Poland (Fig. 1 ). Most of this area is under the protection of the Opawskie Mountains Landscape Park. The geology of the Opawskie Mountains is very varied, comprising two primary geological units-metamorphics in the west and the Silesian-Moravian flysch in the east (Sitko 1994) . The rocks that occur in the range are of Devonian and Carboniferous age, covered by much younger Quaternary sediments (Oberc 1972) . The rocks are older in the west, becoming younger to the east (Oberc 1972) . In the western Opawskie Mountains, greywackes and glacial tills occur (Sawicki 1995) .
In the close vicinity of the Opawskie Mountains, deep loess deposits, hosting palaeosols (with well-established features on the Głubczyce Upland), have been recognised (Jary 1996; Badura et al. 2013) . The stage of periglacial morphogenesis in this area is mainly related to the accumulation of loess; however, the highest parts of the slopes of the Głubczyce Upland are not covered with aeolian silt (Jary 1996) . Jary and Ciszek (2013) divided these deposits into four main Late Pleistocene loess-palaeosol sections: (1) S1-a palaeosol complex with a diagnostic Bt horizon that can be correlated to the Eemian and Early Weichselian; (2) L1L2-a lower, you nger l oess unit t hat correlates t o t he Early Pleniweichselian, which covers the Eemian-Early Glacial pedocomplex. Its upper part is signalled by succeeding phases of pedogenesis; (3) L1S1-a polygenetic soil linked to the Middle Pleniweichselian, and occurring mainly as a welldeveloped gley soil; and (4) L1L1-an upper, younger loess unit correlated with the Late Pleniweichselian.
The native vegetation is represented by beech and mixed coniferous forests (Zygmańska 2016) . According to the Köppen climate classification, the Opawskie Mountains experience a warm summer humid continental climate. The average annual temperature is 7°C, with average temperatures in the warmest and coldest months being 17.5°C (July) and − 2°C (January), respectively (Bac and Rojek 2012) . The annual average precipitation is 650 mm. Snow cover in this part of the Sudetes occurs for 50-60 days per year (Bac and Rojek 2012) .
Materials and methods

Field sampling
This study was based on two transects arranged along the slope catena ( Figs. 1 and 2) . The chosen slopes were characterised by different geological and topographic conditions. The first (GP) was located on the Parkowa Mountain (530 m a.s.l.), which is, according to geological mapping (Sawicki 1995) , composed of the oldest (Early Devonian) metamorphic rocks in the region, comprising quartzites and schists. The second transect (PO) was situated in the vicinity of the village of Pokrzywna, where mainly Late Devonian schists and greywackes occur (Miszewski 1977) . The geological map (Sawicki 1995) does not reveal any thick or thin loess deposits on the studied slopes.
The sampling sites were arranged along the slope toposequence, where the possible aeolian silt admixture occurred with variable intensity. Each soil catena started at the top of the hill and ended at its foot. This arrangement of the soil profiles was to ensure the tracking of possible aeolian silt thickness variations and the detection of the depth of the presence of residuum-derived materials. Eight soil profiles (GP1-GP4 and PO1-PO4; Fig. 1 , Table 1) were described using the standard guidelines for soil description (FAO 2006) , and the soil classification was established using the FAO-WRB system (IUSS Working Group WRB 2015). Moreover, a reference profile (SL4) comprising homogeneous aeolian silt was dug on a flat forefield under the dominance of thick loess deposits. Prior to analysis, all the samples were dried, crushed and passed through a 2-mm mesh sieve. In addition, fragments of local rocks that occurred in the soil profiles were taken for thin sectioning for empirical classification.
Rock thin sections
Thin sections were prepared from the rock samples taken from the soils, using standard polishing procedures.
Petrographic descriptions of the polished sections of the dominant rock types were carried out using a Leica DM2500P optical microscope in transmitted and reflected light. The modal composition of the studied rocks was estimated by point counting, using the freeware software JMicroVision v.1.2.7.
3.3 Basic soil properties (soil texture, pH, exchangeable acidity, exchangeable ions, soil organic carbon)
The particle-size distribution was measured using a sieving (sand fraction) and hydrometer method to determine the silt and clay fractions (Van Reeuwijk 2002) . The soil pH (in deionized water) was potentiometrically measured in a 1:2.5 suspension. The exchangeable acidity was extracted with 1 M KCl and titrated potentiometrically, whilst the exchangeable ions (Ca 2+ , Mg 2+ , K + , Na + ) were extracted with 1 M NH 4 CH 3 CO 2 (ammonium acetate) at pH 7 (Van Reeuwijk 2002) . The soil organic carbon (SOC) content was determined by dry combustion at 550°C and the non-dispersive infrared absorption of CO 2 using a Ströhlein CS-mat 5500 analyser (the soils studied were carbonate-free; thus, the total measurable carbon was organic carbon).
Geochemical analysis
The geochemical composition of the soils was determined from selected representative horizons in each soil profile using inductively coupled plasma-atomic emission spectroscopy and mass spectrometry after Li 2 B 4 O 7 (lithium borate) fusion and further dissolution of the samples with HNO 3 (ACME Labs, Canada). The analytical reproducibility (2-sigma), as estimated from replicate analyses of six randomly chosen samples, ranged from 0 (SiO 2 ) to 10% (Cr 2 O 3 ) at a 95% confidence level. The analytical accuracy (2-sigma), as estimated from nine measurements of the reference sample, SO-19, was from 0.9 (Al 2 O 3 ) to 8.3 (NaO 2 ) at a 95% confidence level. Further geochemical analyses based on immobile elements (Zr, Hf, Th, V) with high ionic potentials, which are considered to be indicators of an aeolian silt contribution (Muhs and Benedict 2006; Ahmad and Chandra 2013; Scheib et al. 2014) , were performed. In addition, calculations based on the major element (Na 2 O, Al 2 O 3 , K 2 O), concentrations of which are characteristic of aeolian materials (Ujvari et al. 2008 ), were produced. The ratios and bivariate plots of Zr/ Hf, Zr/V vs. Th/V, and Na 2 O/Al 2 O 3 vs. K 2 O/Al 2 O 3 (Munroe et al. 2007; Ujvari et al. 2008; Ahmed and Chandra 2013) were derived in order to distinguish in situ quartzite and schist material from aeolian silt horizons.
Results
Classification of the rock fragments occurring in the soils
A rock fragment from profile GP2 was mostly composed of angular and anhedral grains of quartz, averaging about 0.25 mm across ( Fig. 3a ). Quartz made up over 90% vol. of the sample. Furthermore, irregular aggregates, composed of anhedral opaques, and subhedral flakes of biotite, chlorite and muscovite were present in the rock. Locally, opaques and muscovite were present as secondary fillings in fissures in the rock (Fig. 3b, c) . Muscovite was also present in the rock as single subhedral flakes of up to 0.25 mm in diameter. These characteristics led to the conclusion that the rock was quartzite. A rock sample from profile PO3 consisted of angular grains of quartz and feldspars (alkali feldspar and plagioclase), averaging 0.25-0.5 mm across, occurring in a finer grained matrix composed of chlorite, clay minerals and quartz ( Fig. 4) . Opaque minerals either occurred as single euhedral to subhedral crystals, or as irregular aggregates composed of several to dozens of grains ( Fig. 4c ). Opaque minerals also filled the cracks present in the rock (Fig. 4d ). This information led to the conclusion that the rock was cataclasite.
Morphology and basic soil properties
The soils located in the forested upper slope sections of both transects (GP1, GP2, PO1 and PO2) were characterised by the presence of organic horizons (Ol, Oe) with SOC reaching 38.8-41.4%. They also had low pH values. Exchangeable acidity reached the highest values in these soils (1.4-11.7 cmol kg −1 ), whilst base saturation reached variable values in transects GP and PO of 5-38% and 4-80%, respectively. The soil texture in the discussed soil profiles was differential (Table 2 ). In GP1, it changed from silt loam to sandy loam, whilst in PO1, the texture varied from silt loam to loam. In turn, pedons GP2 and PO2 had a uniform silty loam texture. The main morphological feature of profiles GP1, GP2 and PO1 was the presence of a cambic horizon, whilst profile GP2 hosted colluvium material. The GP2 profile had recently been strongly reworked. The soils from the lower slope sections (GP3, GP4, PO3 and PO4) were under the influence of agriculture. They were characterised by low SOC contents, reaching 0.1-3.2%, and high pH values, from 5.1 to 6.9. The exchangeable acidity in these soils was low, reaching a maximum in GP3, of 1.4 cmol kg −1 . Base saturation reached 99.8% in the Ap horizons, and decreased with depth to 86% in the Bt horizons. The soil texture in GP3 and GP4 was uniform silt loam; however, in PO3 and PO4, the texture changed from silt loam to loam. Profile GP3 was characterised by a very well-developed, reddish argic horizon, evidenced by the presence of clay at a depth of 57-130 cm. Profile GP4 developed within colluvium material, with almost no sign of any coarse fractions, only single fragments of quartzite schist appearing just below the Ap horizon. Clay and clay-sesquioxide translocation, and the presence of clay cutans in the Btg horizon, were strongly manifested. Rainwater stagnation was recorded here in the lowermost part of the Ap horizon. The reductomorphic colours were 5Y 6/1, whilst the oximorphic colours were 7.5YR 5/8. Also, profile PO3 showed features of water stagnation, expressed by the presence of stagnic properties in horizon 2Bg2 (oximorphic colour 5YR 5/8).
The reference profile, SL4, was classified as a Luvisol. It had a uniform silt loam texture, with clay cutans and Fe/Mn nodules occurring in the Btg horizons.
Geochemical composition of the studied soils
The values of the major oxides in the studied soils were similar for both transects (Table 3 ). The GP and PO transects were characterised by 66.1-78.5% SiO 2 , 8.9-14.6% Al 2 O 3 , 3.2-6.1% Fe 2 O 3 and 1.3-3.0% K 2 O. However, differences in the soils were visible in the concentrations of Zr and Hf (Table 3) . Pedons in the upper part of the slope of the GP transect contained 408.3-549 ppm Zr and 10.7-14.4 ppm Hf, whilst soils in the PO transect contained 359.6-377.1 ppm Zr and 9.4-10.0 ppm Hf. Soils from the lower parts of the slope in the GP transect consisted of 426.6-552.4 ppm and 11.6-14.8 ppm Zr and Hf, respectively, whereas in the PO transect, the values of these elements were 298.5-382.6 ppm and 7.4-10.0 ppm, respectively.
The reference soil profile, SL4, was characterised by similar values for the major oxides as in the studied soils, and Zr and Hf contents typical of aeolian silts (473.9 ppm and 12.4 ppm, respectively).
Discussion
Soil texture evidence of aeolian silt admixing
The rocks of the study area were predominantly recognised as being quartz schists, quartzites and greywackes (Sawicki 1995) ; however, one rock sampled from profile PO3 was found to be a cataclasite. In this manuscript, we refer only to the geological data referring to this profile, due to a lack of information in the literature about textures in soils formed from weathered cataclasite.
Three soil profiles were characterised by their uniform silt loam soil texture-GP2, GP3 and PO2. In the other profiles, the particle size distribution was more variable, usually indicating silt loam layers overlying loam-textured horizons. To verify whether residuum materials from the weathering of the crystalline rocks played an independent role as parent material, data on the soil texture in the studied pedons was compared with data from published studies. Thus, according to Rutherford and Sullivan (1970) , Neely and Barkworth (1984) and Acosta et al. (2011) , quartzite-derived materials have a sandy loam texture (Fig. 5a ). Gago et al. (2012) found that soils formed from quartz-schist-derived materials also have a sandy loam texture. The products of weathering of rocks, according to the literature mentioned above, are characterised by the values of the respective fractions of sand (69-79%), silt (8-20%) and clay (8-15%). However, in the studied soils, the contents of the soil fractions were different, with sand fractions oscillating between 12 and 56%, silt between 39 and 75% and clay between 9 and 26%. The studied soils contained a greater silt fraction than those formed exclusively from weathered greywacke or quartzite (Fig. 5a ). In five of the pedons (GP1, GP4, PO1, PO3, PO4), the soil texture changed through the profile, with the texture of the upper horizons being dominated by silt, but with its content decreasing with depth, whilst the percentage of sand increased. These features can be explained by the fact that the residuum materials from the weathering of local rocks had a primarily sandy loam texture, but this had been mixed with allochthonous aeolian silt.
The presented results show that the studied soils were dominated by silt loam materials, especially in the topsoil, but that silt-sized dominant layers created thick mantles that served entirely as parent material for soil formation. Thus, we reject the assumption that the silt materials originated solely from the underlying local bedrock. The dominant silt texture suggests an incorporation of aeolian silt, likely related to the Last Glacial Maximum (LGM) loess deposition in the vicinity of the Opawskie Mountains (Jary 1999).
Geochemical analysis as a proxy for aeolian silt admixing
Loess materials are characterised by specific geochemical features that can be verified by a set of geochemical proxies (Rudnick and Gao 2003; Muhs and Benedict 2006; Feng et al. 2011; Ahmed and Chandra 2013; Lin and Feng 2015; Waroszewski et al. 2018a ). To detect an aeolian impact on a soil, the immobile elements Zr and Hf are used; several studies have shown that soils formed from aeolian sediments, especially loess, are enriched in these elements (Ujvari et al. 2008; Ahmed and Chandra 2013; Scheib et al. 2014; Lin and Feng 2015; Waroszewski et al. 2018a) . Hf and Zr are indicative of aeolian processes because they are characterised by very low mobility under most environmental conditions, mainly because of their high stability and the resistance of their host minerals, zircon and baddeleyite (De Vos and Tarvainen 2006) . Median values of Zr and Hf in loess and loess-derived materials ranges from 237.0 to 453.0 ppm and from 8.0 to 14.0 ppm, respectively (Scheib et al. 2014) . The average loess value (AVL) for Zr is around 302.0 ppm, and for Hf it is 8.9 ppm (McLennan 2001) .
The geological data and rock thin sections have indicated that quartzites, quartz schists, greywackes and (Table 3) ; however, geochemical analysis of the studied soils showed that the concentrations of Zr and Hf for silt-dominant materials were different from those Lahtinen et al. (2000) and Linnemann and Romer (2002) . The concentrations of Zr and Hf in transect PO were lower than in GP because of the topographic conditions. Transect GP was located on a slope where there were no topographic barriers for silt deposition; however, transect PO was surrounded by individual hills that could have aided aeolian silt transportation and accumulation. During the LGM in southern Poland, a north-east wind direction predominated (Rousseau and Sima 2014; Marks et al. 2016 Marks et al. , 2019 ; thus, transect GP was more exposed to silt deposition, and its accumulation was higher (based on the remnants of thick loess mantles), whereas PO was likely more protected, and its rates of silt deposition were probably relatively reduced. Fig. 5 Grain size composition in a soils developed from greywacke-and quartzits-derived materials and studied loessinfluenced soils and b in designated layers in studied soils Ratios and bivariate plots of the immobile elements (Zr/ Hf, Zr/V vs. Th/V) provide a useful method for identifying multiple parent materials in soil profiles (Muhs and Benedict 2006; Munroe et al. 2007) (Table 4 ). The relative proportions of immobile elements should be the same, or the concentrations should have similar patterns, in the bedrock as well as in the overlying horizons, if the bedrock is considered to be a uniform and homogenous material for soil development. Figure 6 shows the linear relation between Zr and Hf in the studied soils and the materials produced by the weathering of rocks. The data related to the studied pedons are clustered together, and the values of Zr and Hf ranged from 274.4 to 549.0 ppm and 7.4 to 14.8 ppm, respectively for this group. The highest Zr and Hf contents were represented in the topmost horizons of profiles GP1, PO2 and PO4, and in all of the horizons from profiles GP2, GP3 and GP4. The data in the middle of Fig. 6 refers to profile PO1, the upper horizons of pedon PO3 and the lower horizons of profiles GP1, PO2 and PO4. The lowest Zr and Hf contents were noted in the lowest horizon of profile PO3 (Fig. 2) . The values of Zr and Hf for the AVL and profile SL4 are in the same group as those of the studied soils. Data derived from weathered quartzite, greywacke and cataclasite formed a second cluster, with noticeably lower concentrations of the elements (26.0-263.0 ppm Zr, 0.7-7.0 ppm Hf). In Fig. 7 (Th/V vs. Zr/ V), data related to the studied soils formed a cluster together with the AVL and SL4 values. In general, profiles GP2, GP3 and GP4 and the upper horizons of profiles PO2 and PO4 have the highest values on this chart. Profiles PO1 and PO3 and the subsoil in pedons GP1, PO2 and PO4 are characterised by slightly lower values, but these are still significantly higher than the concentrations in the underlying local bedrock materials, which occur on the opposite side in Fig. 7 . The bivariate plot of the major oxides (Na 2 O/Al 2 O 3 vs. K 2 O/Al 2 O 3 ) can be used to distinguish in situ quartzite and schist material from aeolian deposits because the studied soils are tightly clustered together. Figure 8 illustrates the data from the studied soils, which is located in one area of the diagram, again forming a tight cluster with similar values, whereas the values for the schist-, quartzite-and cataclasite-derived materials are irregularly arranged on the plot.
The presented results show that the concentrations of the compared elements, and the ratios and bivariate plots of the studied soils, are noticeably different from those geochemical parameters of materials derived from the weathering of quartzites and greywackes. Thus, we can assume the presence of an aeolian silt contribution (Muhs and Benedict 2006; Munroe et al. 2007; Ujvari et al. 2008; Ahmed and Chandra 2013; Scheib et al. 2014; Waroszewski et al. 2018a) . The concentrations of the indicative elements Zr and Hf are similar to those presented for loess; therefore, aeolian silt played a key role in soil formation in the Opawskie Mountains. The bivariate plots of the major chemical compounds (Na 2 O/Al 2 O 3 vs. K 2 O/ Al 2 O 3 and Th/V vs. Zr/V) also indicate an affinity of the studied soils to aeolian silt, rather than to in situ-derived materials. It is worth noting that geochemical analysis has proven that the aeolian contribution to soils can be deeper than expected in field studies.
Designation of aeolian mantles, mixed zones and basal zones based on soil texture and geochemistry
Based on morphological (Table 1) , textural and geochemical data (Table 4) , three layers were distinguished. They show different contributions of aeolian silt to the studied soils ( Figs. 5 and 6 ), including the following:
1. an aeolian mantle containing > 410 ppm Zr and > 11.5 ppm Hf, with silt reaching at least 60% and rock fragment abundance being < 20%; 2. a mixed zone where Zr reaches 295-410 ppm and Hf 8-11.5 ppm, with a silt fraction reaching 40-60% and rock fragment abundance being 20-40%; and 3. a basal zone with Zr and Hf being < 295 ppm and < 8 ppm, respectively, with silt contributing < 40% and rock fragments > 60%.
Soils from the GP transect that were located in the upper slope positions that had two layers. Pedon GP1 had a thin (32 cm) aeolian mantle overlying a thick mixed zone (65 cm), whereas soil GP2 consisted of a thick aeolian mantle through the entire profile. The soil profiles located in the lower slope sections, GP3 and GP4, developed uniformly within thick loess deposits, with a clear dominance of silt (60-75%) and the highest immobile element values (Zr 426.6-552.4 ppm; Hf 11.6-14.8 ppm); these layers represent thick aeolian mantles. In soils developed in the PO transect, the layer features were different. Pedon PO1, located on the highest part of the slope, formed in a mixed zone, having a thickness of ca. 75 cm, whereas PO2, located on the middle part of the slope, was characterised by a thin mixed zone (48 cm). Profile PO3, situated on the lower slope, revealed different characteristics, having developed in a thick mixed zone (72 cm), overlying a thin basal zone (20 cm). This basal zone was the only example among all the studied layers having clear residuum signatures, very low silt contents and relatively low Zr and Hf (below 280 ppm and 8 ppm, respectively). Pedon PO4, from the lower part of the slope, also consisted of two layers-a thin aeolian mantle (35 cm) in the upper part of the profile and a thick mixed zone (70 cm) in the bottom part.
Generally, the geochemistry and soil texture, as proxies for aeolian silt admixing in the soils, produced consistent results, allowing the distinction of layers with differential inputs of loess materials. In cases where the geochemistry and grain-size composition data described the same material as being two different layers, however, the geochemistry (Muhs and Benedict 2006; Ahmed and Chandra 2013; Scheib et al. 2014) should be used as the deciding proxy (Waroszewski et al. 2019 ). In the studied soils, one such inconsistent case occurred in profile GP1, in horizon 2Cg, where the silt content reached only 28%, and this horizon was supposed to be assigned to the basal zone. The geochemical analysis showed a strong influence of aeolian silt, with concentrations of Zr and Hf reaching 454.4 ppm and 11.5 ppm, respectively. In this case, we considered this proxy to be crucial, and designated this horizon as a mixed zone, due to the fact that it was characterised by a strong influence of aeolian silt, and not weathered bedrock.
Soil formation in a mountainous area with an aeolian silt influence
Typically, the regoliths of various parent rock types on mountain slopes in more loamy materials host weakly developed soils, such as Leptosols, Regosols and Cambisols (Kabala et al. 2015; Waroszewski et al. 2018a ). However, the deposition of loess modifies the conditions of soil formation (Waroszewski et al. 2018a ). Aeolian silt is usually enriched in carbonates, as are soils formed from this material. Climates dominated by dissolution-precipitation processes promote the (Munroe et al. 2007; Ujvari et al. 2008; Ahmed and Chandra 2013) accumulation of materials transported from the upper soil horizons to lower, enriched horizons (Bw and Bt). Clay illuviation is noticeable in a diagnostic (argic) horizon (Pasquini et al. 2017 ). Due to the properties of aeolian silt, Fig. 9 Scheme of soil formation in mountainous area of the Opawskie Mountains influenced by aeolian silt admixture its admixture as an allochthonous material in a mountain ecosystem supports the processes of pedogenesis (Lin and Feng 2015) . The soils located in the upper parts of the slopes were classified as Cambisols (GP1, GP2, PO1, PO2). These Cambisols were characterised by 50-60-cm-thick aeolian mantles/mixed zones, with well-structured cambic horizons (Bw). The profile GP2 was characterised by aeolian mantle throughout the entire profile. The possible reason for this Cambisol formation is that Luvisol likely developed within the thick, pure aeolian silt cover, whilst recent silts were strongly reworked (tree-throws) and eroded, and therefore, with the silt mantle remnants among short time-split, only Cambisol formation was possible. The pedons from the lower (middle and toe) parts of the slopes were formed in thick loess covers (more than 2 m thick), and were classified as Luvisols (PO4, SL4) with well-developed argic horizons (GP3), or as Stagnosols (GP4, PO3) where the profile was located in a foot slope zone.
Based on the obtained results, a hypothetical scheme for soil formation in mountainous areas, influenced by aeolian silt admixing, can be proposed ( Fig. 9 ). From the materials formed by the weathering of quartzite, greywacke or cataclasite, Regosol or Leptosol were developed. However, in the Pleistocene, during glacial events, the deposition rates of aeolian silt were greater than in the present interglacial period (Muhs 2013) . The most intense deposition of aeolian material occurred during the LGM (Weichselian; Jary 1996) . Hence, the quartzite-, greywacke-and cataclasite-derived regoliths located on the slopes were involved in weak to moderate aeolian admixing. Following the accumulation of aeolian silt on the slopes, erosion processes likely started at the end of the Pleistocene, providing the foot and toe slopes with colluvial material, and increasing the thickness of the aeolian silt deposits. An intensification of the erosion may also have been triggered by deforestation and changes in land use by Neolithic agricultural tribes in the Atlantic Period, ca. 6-5 ka BC (Zygmunt 2009 ). Such processes may have caused the colluviation (Poręba et al. 2015; Zádorová and Penížek 2018) of aeolian silts from the shoulder to the middle and foot slopes. As a result, Cambisols may have formed within an aeolian mantle/mixed zone on the shoulder of the slope and on the middle slope through the reduction of previously thick aeolian mantles (profile GP2), or they received only a weak loess contribution. In the middle slopes, within the deeper loess deposits, well-developed Luvisols developed, whilst in the foot slopes, Stagnosols occurred, formed from reworked loess strata under the influence of rainwater stagnation (Fig. 9) .
These potential pathways for soil evolution, variously impacted by aeolian silt trajectories, might relate to the results presented by Kufmann (2003) from the high mountainous karst of the Wetterstein Mountains (Northern Calcareous Alps). Here, mostly Cambisols on limestone residuum materials were studied, in the presence of local, coarse-grained aeolian silts and far-dust accumulations. These were formed within thin loess mantles, which, together with the carbonates, prevented clay translocation and provided conditions suitable for cambic horizon development. This supports the hypothesis that a weak aeolian contribution to the soil is responsible for Cambisol development (Waroszewski et al. 2018a ). Also, Martignier et al. (2015) reported the occurrence of Cambisols and the formation of Luvic Cambisols in the Swiss Jura Mountains, assessed based on local aeolian silts in direct relation to decreasing carbonate content. The direction of pedogenesis in deep loess deposits and soils hosting moderate aeolian silt admixtures supports the observations of Waroszewski et al. (2018a) -that it leads to the formation of Luvisols, Retisols and Stagnosols in reworked loess.
Conclusions
Our study demonstrates that the soils developed in the Opawskie Mountains are characterised by aeolian silt admixtures, which differentiates them from typical soils developed from materials exclusively formed during the in situ weathering of the underlying bedrock. Geochemical composition and soil texture clearly distinguish aeolian silts from weathered quartzites, greywackes and cataclasites. The studied pedons had silt grain-size compositions typical of loess, but not local residuum materials associated with the bedrock. Geochemical signatures, such as Zr and Hf content, and bivarate plots confirmed an aeolian origin for the predominantly silty material. Thus, materials from the weathering of bedrock did not play an independent role as a parent material for the studied pedons. Instead, aeolian silt was admixed with, or totally replaced, the already existing autochthonous material. Different degrees of aeolian silt incorporation controlled the soil development, and resulted in the occurrence of very well-developed Luvisols, Stagnosols (with at least a moderate aeolian silt contribution) and Cambisols (revealing a weak admixture). The soil types distinguished could not have been formed by the weathering of quartzites or greywackes because they provide a much less structure-forming medium for soils, but are also characterised by much smaller clay-sized components, which prevents the formation of soils with prominent clay accumulation features.
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